Abstract Freshwaters are among the most imperilled habitats worldwide and Unionidae species are recognised as one of the most important and endangered parts of the communities they shelter. Understanding the changes in the structure of Unionidae communities and their responses to environmental variables are issues insufficiently studied and understood. We evaluated 35 naiad communities along geographical and ecological gradients in Romania, and measured 10 environmental factors at each sampling location. Using constrained ordination analysis, we learned that the most significant variables explaining the variance in species composition were flow, human impact and elevation. Among the levels of the habitat factorial variable the most explicative were the lower Danube habitats, which shelter the richest naiad assemblages. Unionids diversity decreases significantly with increases in elevation and human impact. By comparing some communities with those of two decades ago, a contrasting image emerges. In some rivers where the former heavy pollution has been greatly reduced, the naiads are recovering. However, the average diversity of the communities that we compared is statistically lower at present than two decades ago, indicating that in some areas the ecological state of the freshwater systems is slightly worsening. Main causes are pollution, hydrotechnical constructions, invasive species and climatic changes.
Introduction
Freshwaters make critical contributions to a series of ecosystem services: food and energy production, provision of freshwater, natural hazard regulation, water regulation and purification, and also different cultural services. Unfortunately, all of these services are affected by the degradation of the ecosystems (Harrison et al., 2010; Dodds et al., 2013) . The freshwater biota has experienced a far greater decline in biodiversity worldwide than either terrestrial or marine ecosystems (McAllister et al., 1997; Dudgeon et al., 2006; Strayer & Dudgeon, 2010) . As crucial components of freshwater ecosystems, the mussels of the family Unionidae (also called naiads) have a major diversity among the freshwater bivalves and are one of the most imperilled groups of aquatic invertebrates (Araujo & de Jong, 2015) , with many populations and species regionally or globally in decline (Lydeard et al., 2004; Bogan, 2008; Burlakova et al., 2011; Lopes-Lima et al., 2014) . In Europe, 12 of the 16 naiad species are listed in the Threatened or Near Threatened categories (Lopes-Lima et al., 2017) , while in North America about 37 species are presumed extinct, primarily because of habitat destruction or alteration (Bogan, 1993 (Bogan, , 2008 . The threats to naiad communities have been many: dams and canalisation that cause habitat fragmentation, changes in water flow and fine particle deposition, water withdrawal for industry and irrigation, pollution and eutrophication, loss of fish hosts and introduction of invasive species (Sárkány-Kiss, 1997; Sîrbu et al., 2006; Lopes-Lima et al., 2017) .
All the former mentioned impacts have altered the Unionidae communities of the countries in the Danubian basin including Romania. One other persistent threat is the lasting heavy metal pollution caused by centralised industry during the second half of the twentieth century, which altered water quality and drastically limited the range of naiads in many hydrographic basins. The social and economic changes that followed the regime switch in 1989 have diminished pollution but new threats have emerged: hydrotechnical constructions, the increasing need for ballast extracted from riverbeds and the spread of alien species. These new menaces shape the distribution and species composition of naiad communities as the intense and centralised former network of pollution sources is being replaced by new threats having a diffuse geographical pattern (Sîrbu, 2006; Sîrbu et al., 2006 Sîrbu et al., , 2012 . Processes that led to declines in unionid populations in the past may be different from those affecting them in the present or posing the greatest threats in the future and we need to be careful about extrapolating future trends from patterns of past losses (Strayer, 2008) .
Among the freshwater organisms, bivalves, and especially unionids, are widely used for biomonitoring pollutant contamination in aquatic ecosystems (Elder & Collins, 1991; Mouthon, 1996; Angelo et al., 2007; Matthews et al., 2015; Telcean et al., 2015; Hartmann et al., 2016) since they have several advantages over other aquatic taxa (Angelo et al., 2007; Gustafson et al., 2007) . Studies on the distribution and diversity pattern of native naiads indicate their decline, which is frequently associated with the expansion of invasive species. Conservation of Unionidae species and development of strategies for restoration of freshwater ecosystems require knowledge of the autecology of target species (Stoeckl & Geist, 2016) but, unfortunately, these data are very scarce. Despite their central role in aquatic ecosystems (Vaughn & Hakenkamp, 2001; Strayer, 2008; Bódis et al., 2011) , the numerous ecosystem services they provide to human society (Haag, 2012) and their conservational importance, naiads are underrepresented in ecological studies (Bódis et al., 2011) and monitoring programs . Most recent studies on freshwater bivalves in Europe deal with the expansion of invasive species (Girardi & Ledoux, 1989; Aldridge et al., 2014; Kraszewski, 2007; Popa & Popa, 2006; Bódis et al., 2012; Sousa et al., 2014) . By contrast, the distribution patterns of unionids, variation in abundance and habitat requirements are less investigated. In the lower part of the Danube Basin, including Romania, a series of studies has been conducted on the spatial and temporal variation in the abundance of the freshwater bivalves in large and medium-sized rivers, and their distribution patterns in relation to environmental factors at local and landscape scales (Bódis et al., 2008 (Bódis et al., , 2011 (Bódis et al., , 2016 Sîrbu et al., 2006 Sîrbu et al., , 2012 .
In Romania, the most reliable data on naiads are from the central (Transylvania), northern and western parts of the country (Sárkány- Kiss, 1997 Kiss, , 2003 Sîrbu, 2006; Sîrbu et al., 2012) . Only recently research has begun in the eastern region (Moldova), while the southern area (Muntenia), except for the Danube River, is still poorly investigated (Sîrbu et al., 2012) . A synthesis regarding the Unionidae species in the Transylvanian tributaries of the Tisa River was published by Sárkány-Kiss (1997) , and the first distribution maps for the Carpathian inner basin were drawn by Sîrbu et al. (2006) , illustrating the past and present distributions of naiad species. To broaden the knowledge of the factors that shape unionid communities in Romania, we investigated their structure in many of the habitat types they populate along the geographic gradients in relation to environment variables. We also compared the present community structure with that previously reported (Sárkány- Kiss, 1997 Kiss, , 2003 Sîrbu et al., 2006) .
In the present paper, we attempt to answer the following questions: (1) Which environmental factors drive the variation in unionids community composition? (2) What are the relationships between diversity parameters (species richness and heterogeneity) and the environment gradients? (3) Were there any significant changes during the last two decades in the naiad community structure? If yes, what was the trend and which were the possible causes?
The answers to these questions may provide reference data to assess future changes to the naiad assemblages and to guide the management measures needed for the conservation of this taxon and the freshwater ecosystems.
Materials and methods

Study area and sampling sites
The study area comprises several river basins, in the western, central and eastern part of Romania (Fig. 1 ). In the west are the Crişul Alb, Crişul Negru, Crişul Repede, Ier, Barcȃu, Mureş and Someş rivers, all tributaries of the Tisa River, which in turn flows into the Danube River. In the south-west the Caraş, Timiş and Nera rivers flow directly into it. In central Romania, we studied the middle basin of the Olt River, a first order tributary of the Danube. In the east, the lower sector of the Danube (including the Danube Delta) and two of its tributaries (the lower Siret and the Prut) were surveyed. In all, 35 sampling sites (Table 1) were chosen along altitudinal, latitudinal and longitudinal gradients, covering a wide array of lotic and lentic habitats with different forms of land use, environmental conditions, types and degrees of human impact, situated at elevations between 472 m (in the Olt River Basin) and -2 m (in the Danube Delta). The upper sectors of most rivers originating in the Carpathian Mountains do not have suitable habitats for the unionids; thus, the surveyed sites are representative for the range of suitable freshwaters. The position of the sampling stations also covers the zoogeographical regions of Romania: Pannonian (west), Continental (centre), Steppic (the Siret and Prut rivers and the lower Danube) and Pontic (part of the Danube Delta), the exception being the Alpine domain.
Data collection
The sampling in the 35 stations (Table 1) was conducted between 2011 and 2015. Information from nine of these stations (coded with triangles in Fig. 1 ), surveyed previously between 1996 and 2002 , was used to trace the changes during the last two decades. Unionids were hand-sampled using the benthic grid or along a transect, with the same methodology in both periods. Where mussel density was high, a benthic grid of individual samples of Table 1 ) Hydrobiologia (2018) 810:295-314 297 n 9 0.25 m 2 (n [ 30) was used to evaluate density and other ecological parameters. In 2015, by stratified random sampling in three locations along the lower Mureş riverbanks we got 107 samples of 0.25 m 2 each and used these data to illustrate the ecological tendencies in rivers that are no longer subject to the heavy pollution seen before 1989. Where naiads were sparse, they were sampled along a transect of 30-100 m 9 1 m, depending on their abundance and distribution. In the field, naiads were measured, weighed, identified to species based on the morphological characters, photographed and released at their sampling point. When confirmed identification of species needed study in the laboratory, empty shells and occasionally also live individuals (less than 1% of the total number) were collected.
For each sampling site, 10 environmental parameters were recorded (Table 1) : the habitat type as a factorial variable with four levels (lakes, the Danube River and its branches, lowland rivers and upland rivers), altitude, flow (semi-quantitative variable, ordination according to velocity and turbulence), present human impact (ordination according to intensity, regardless of type) and presence or absence of earlier impact, dominant bottom type (ordination according to granulometry, from coarse to fine) and river banks or lake shores (ranging from natural condition to artificially built banks), presence or The flow ordination according to: 0 stagnant water, 1 undetectable/very slow, occasionally stagnant, 2 slow, 3 medium and laminar flow, 4 medium and turbulent flow, 5 high velocity and laminar flow, 6 high velocity and turbulent flow and 7 very high velocity and turbulent flow f Ordination of human impact according to: 1 absence of pressure, nearly natural conditions, 2 low or medium physical human impact, 3 physical and chemical medium impact, 4 significant effects of impact, 5 high level of impact (destroyed habitats, severe pollution, anthropogenic major stress), 6 very high disturbances, destroyed or poisoned habitats g Ordination of the dominant bottom type according to: 1 stony to cobbles covered riverbed, with small and scattered patches of coarse sand close to the banks, 2 coarse sand and gravel mainly in highlands, 3 sandy bottom with thin patches of marginal muddy layers, 4 pressed or hardened coarse to medium sand, in stable layers, 5 fine sandy, more unstable deposits, 6 fine and penetrable thick sand, 7 fine mixture of sand and clay, usually in lowlands, 8 marginal muddy deposits on sand substratum, 9 profound, organic loaded muddy substratum h The status of the riverbank or lake shore ordinated according to: 1 riverside in natural condition with characteristic vegetation, 2 the vegetation was modified or partially removed, 3 physically modified riverbank with patches of the former vegetation, 4 altered riversides, removed vegetation, 5 medium transformed banks, dams and altered profile, 6 artificial built bank, channel-like shape, without human-made materials, 7 artificial sides and structure of the bed and banks with sectors of concrete or other supporting materials, and 8 absence of aquatic vegetation, of dams and reservoirs upstream from the sampling site and of gorges in the survey area.
Statistical analysis
The variation of unionid assemblages in relation to environmental factors was analysed using Canoco 5 (Ter Braak & Š milauer, 2012) . In the multivariate ordination analysis, relative abundances (RA%) of unionid species were used as the response variables ( Table 2 ). Because naiad densities were highly variable and the results based on them were not significant, we did not consider this parameter in the present paper. The environmental (explanatory) variables are the habitat parameters listed in Table 1 . First, we performed an indirect gradient analysis detrended by segments (DCA). The longest gradient was 3.113, so both linear or unimodal constrained models were appropriate (Š milauer & Lepš, 2014); we decided to perform a Redundancy Analysis (RDA). The data were log-transformed by the equation y 0 = log (y ? 1), and then analysed based on inter-species correlation, divided by standard deviation, the data being centred by species. We tested the significance of the first and all canonical axes using a Monte Carlo test with 499 unrestricted permutations. In order to compare the explanatory variables according to their predictive values, we quantified their effects, both marginal (i.e. independent effect of each environmental factor) and conditional (i.e. the effect that each variable brings in addition to variables with a greater effect) (Table 3) .
Using Statistica 13 (DELL Software, trial version) we have searched and tested relationships (regression analysis, both linear and non-linear, least squares loss function, Gauss-Newton estimation method) between the species richness, expressed by the number of sampled species, and heterogeneity, expressed by Shannon-Wiener index (Magurran, 2004) (Table 2) as dependent variables and the environment factors (Table 1) as independent variables.
For the nine stations where data from 1996 to 2002 period are also available, we tested the significance of changes in the community structure between the two sampling periods. We used Yates' correction of the Chi-square test for independence and Fisher's exact test (McDonald, 2014) to assess the differences in the community structure. We also evaluated the significance of changes in the number of sampled species and Shannon-Wiener index. The number of species was log-transformed. Prior to the testing of mean differences we performed for both parameters the Shapiro-Wilks normality test (Shapiro & Wilk, 1965) for the differences between pairs and the Fisher test for equality of variances (McDonald, 2014) . Because the transformed data were normally distributed and the variances did not differ significantly, we used the paired t test (de Winter, 2013) .
Results
The Unionidae community structure in the sampling stations in terms of relative abundance (RA%) is presented in Table 2 , along with the number of species and individuals, Shannon-Wiener index, type of sampling and codes used for each item. The link between the first two tables is represented by the numerical code of the sampling station (first column of each table). All the seven species of unionids known to inhabit Romanian freshwaters were found: Unio tumidus Philipsson, 1788, Unio pictorum (Linnaeus, 1758), Unio crassus Philipsson, 1788, Anodonta cygnea (Linnaeus, 1758), Anodonta anatina (Linnaeus, 1758), Pseudanodonta complanata (Rossmässler, 1835) and the invasive Sinanodonta woodiana (Lea, 1834). The number of species in the sampling sites ( Fig. 1; Table 2 ) varies between zero and six, with a mean of 2.971, standard deviation SD = 1.723 and the 95% confidence interval between 2.379 and 3.563. S. woodiana had the highest frequency (71.43%), followed by U. crassus (57.14%), the other species being found in 25-50% of the samples. S. woodiana prevailed in the lowland, while U. crassus was frequent and usually dominant in highland habitats with their faster flowing waters. The redundancy analysis (RDA) explained 57.5% of the species variation. The explained variation of the species data of the first two unconstrained axes was 65% in the principal component analysis (PCA), and the cumulative pseudo-canonical correlation, for the first two axes, was 75% for the PCA, all these values exceeding those revealed by unimodal models. Therefore, we decided to present ordination diagrams only for linear models. Because the unconstrained (PCA) and the constrained (RDA) linear ordination produced highly similar diagrams, we illustrate only the results of the RDA (Fig. 2) . In the RDA, the percentage of explained variation, assessed by the eigenvalues multiplied by 100 (k i 9 100, i being the current axis number) decreased sharply with the axis number, being k 1 = 34.1%, k 2 = 10.9%, k 3 = 6.7% and k 4 = 3.9%. The results on the significance of constrained axes support the decision to consider only the first two axes in diagrams and analysis; if these two were considered, the explained variation of species data was 45% and the explained cumulative fitted variation 78.3%. The sum of all canonical eigenvalues multiplied by 100, indicating the variation explained by the model, was 57.5%. Between the two categories of variables (environmental and response), there was a highly significant relationship indicated by the results of Monte Carlo permutation test for both the first canonical axis (F-ratio = 11.371, P = 0.002) and of all canonical axes (Trace = 0.575, F-ratio = 2.479, P = 0.002).
The first RDA axis (Fig. 2) was defined mainly by elevation and, to a lesser extent, by the negatively correlated flow and bottom type. Along this axis upland habitats with rapid water flow and coarser bottom type were represented by highland river courses and gorges, while lowland habitats were represented mainly by lakes and especially the Danube River and its branches. The second axis was given by a strong gradient of human impact, reflected also in the structure of lake shores and river banks, presence of dams and in relation with the former impact. Lake habitats were especially modified by human activities, but lowland river sectors were also slightly correlated with the anthropogenic impact. Along the second axis, the upland rivers, gorges and also the Danube and its branches were positioned in the opposite half of the ordination space, indicating the comparatively high naturalness of these habitat types.
The seven naiad species were distributed heterogeneously in the ordination space. Along the rivers, U. crassus was present at higher altitudes, in habitats with increased flow and low human impact. A. anatina had similar but more reduced associations with these variables, being sometimes the second naiad that inhabits rivers in the longitudinal profile. The lowland habitats of the Danube River and its branches were preferred and shared by U. tumidus and P. complanata, both showing similar preferences for all the 10 environmental variables. U. pictorum and A. cygnea inhabit habitats of intermediate altitude, low velocity or stagnant waters, rich in vegetation, and show a medium tolerance to disturbance. Considering the altitude, we are referring to lowlands below 100 m, higher altitudes above 400 m, while the other values are considered intermediate. The most distinct ecological response was shown by the alien invasive species S. woodiana, expressed by its strong positive correlation with human impact and fine sediments, and strong negative correlation with flow. Its abundance is highest in lakes and sometimes in lowland rivers.
The null hypothesis of no explanatory power between individual environmental variables and the Fig. 3 Attribute plot of the RDA; Shannon-Wiener diversity measure values plotted on the constrained ordination space naiad species composition was rejected at P \ 0.05 for seven out of the 13 considered explanatory components (Table 3 ), while the lowland river level of the factorial habitat variable was marginally significant (P = 0.054). Considering the marginal term effects, the highest effect was found for the Danubian habitats (explaining 25.1% of the variance in species composition), followed by flow (15.6%), the hilly sectors of the rivers (15.0%), elevation (13.2%) and dominant bottom type, human impact and the stagnant waters, each explaining less than 10%. Thus, all the four habitat types considered in our study shelter distinct naiad assemblages. Considering the conditional term effects, the group of variables that significantly (P \ 0.05) explained the species composition consists of the Danubian habitats, followed by flow, human impact and altitude. When only these four variables were kept in the model, they explained 47.9% of the variance in the species data and the explained fitted variation was 87.9% for the first two axes, which were significant and explained 32.83% of the variation-the first axis (F = 13.7, P = 0.002) and 10.50%-the second (F = 5.2, P = 0.006).
The Shannon-Wiener diversity (H) isolines of the unionid assemblages were projected on the constrained ordination space (Fig. 3) , as an attribute plot of the former analysis, using loess functions. The highest values of diversity were in the lower-right quadrant of the ordination space, specific for the Danubian habitats. From here, the values decreased in all directions of the projection space, towards zero. The decrease was slight along the dominant bottom type gradient (from coarse to fine) and abrupt along the flow gradient. The drop in heterogeneity was conditioned by a resultant of increasing human impact and altitude. Within this steep decrease in diversity there A. anaƟna S. woodiana P. complanata Fig. 4 Comparative Unionidae communities' structure in terms of RA% from the 9 sampling stations surveyed twice, during the period coded as T1 (1996-2002) and T2 (2011-2015) ; codes of the stations are given in Table 1 Hydrobiologia (2018) 810:295-314 305
were also the centroids reflecting the presence of hydroelectrical constructions, pollution or other human-related acute environment alterations. The H-index values of the 35 sampling sites had a mean of 0.554, SD = 0.433 and the 95% confidence limits were 0.401 and 0.708. Only a few significant, but weak (i.e. r 2 \ 0.4), regressions were found between the number of species and the H-index, on one side, and the environment variables, on the other side. The number of naiad species (NSP) decreased non-linearly with the increase of elevation (ELEV), modelled by the following equation:
where Exp is the exponential function. The determinant coefficient was r 2 = 0.289, indicating a statistically weak relationship, but the parameters nevertheless were significant (P \ 0.005). Another regression was found between NSP and the impact (IMP), expressed by the non-linear equation
where r 2 = 0.412 and the parameters were significant (P \ 0.001).
A significant but also weak relationship was found between the H-index and altitude, expressed by the linear model
where r 2 = 0.23 and for both parameters P \ 0.005. The comparative data from the nine stations that were sampled both between 1996 and 2002 (coded T1) and during the last five years (T2) are depicted in Fig. 4 . The differences in the number of species per sampling site between the two survey periods were not significant (t = 1.450, d.f. = 8, P = 0.185), while those between H-index values were marginally significant (t = 2.299, d.f. = 8, P = 0.051). The mean value decreased from 0.817 (C.L. 95% lower = 0.482, C.L. 95% upper = 1.152) in the first survey period to 0.536 (C.L. 95% lower = 0.292, C.L. 95% upper = 0.779) in the second. The species composition registered significant changes (P \ 0.025) in all stations except ST 27 (Crişul Repede upstream Cheresig) (P = 0.175), although here U. pictorum and A. cygnea were not found again (Fig. 4) . The most dramatic change was observed in the lower sector of Crişul Negru River at Zerind (ST19), where U. crassus dominated a diverse and abundant naiad community in 2002, which was completely eliminated from the riverbed by 2015, when only a few individuals of the alien unionid S. woodiana were found, together with a very abundant population of Corbicula fluminea (Müller, 1774). The new presence of S. woodiana associated with a decrease in U. crassus abundance also was observed in the Someş River at Ardusat (ST 23). An inverse but less intense process was recorded on Timiş River at Hitiaş (ST 32) and upstream the dam at şag (ST 34), where the relative abundance of S. woodiana decreased in favour of U. crassus.
The mean ecological density (Smith, 1990) . In all we sampled 13 U. pictorum, 17 A. anatina, one S. woodiana and one P. complanata.
Discussion
Among the seven naiad species we highlight the thickshelled river mussel, U. crassus, which is a flagship species of community interest, listed in Annexes II and IV of the EUHSD (92/43/EEC 1992), also known as the Habitats Directive. It is considered a bioindicator key species, its presence demonstrating a certain quality of freshwater ecological systems. Despite habitat loss and pollution during the second half of the twentieth century, U. crassus is still frequent and often abundant in some hydrographic basins in Romania (Sîrbu et al., 2012) , especially at higher altitudes in the central part of the country and at lower altitudes in the west. Its current status in Moldova (eastern region of Romania, between Eastern Carpathian Mountains and the Prut River) and especially in Muntenia (southern region of Romania, bordered by the Southern Carpathians and the Danube) is mostly unknown because of the lack of research (idem). We stress that U. crassus should be considered, according to the IUCN Red List Categories and Criteria, as ''Near Threatened (NT)'' at the national level. Another species of conservation concern is P. complanata, which is considered the rarest and most endangered naiad species in Romania, but also the least studied (Sárkány- Kiss, 1997; Sîrbu et al., 2006) , despite the fact that it has been recognised as being in need of strict protection (in accordance with the Romanian legislation) since 2007.
Several studies on the influence of environmental variables on freshwater mussels, have failed to prove the effects of some chemical water quality parameters but revealed the greater importance of ecoregional (i.e. geographic, climatic and vegetation) and hydromorphologic variables (Aschonitis et al., 2016) . The complex interactions between biotic and abiotic factors that may explain the downward trend in many populations are still poorly understood (Stoeckl & Geist, 2016) . Elexová & Némethová (2003) found that the hydrological parameters (bottom substrate structure, flow velocity and changes in the water level and discharge) had the most significant effects on the composition of macrozoobenthic taxa. On the other hand, differences in the oxygen and temperature regimes, as well as the water quality conditions, did not statistically influence the benthic community. This does not mean that the water quality does not have an important influence on the benthic communities, but the single measurements of the chemical parameters fail to give a sound image on their medium-and longterm variation, which is especially relevant in the case of the long-lived naiads.
Similarly, Bódis et al. (2016) indicated that flow was one of the main factors determining the structure of mollusc communities in rivers of the Danube basin. The majority of mollusc species thrive in waters with low flows and sediments rich in organic matter. Along the Danube, the habitat characteristics are among the most important factors that influence the mollusc species composition and richness (Tomovic et al., 2014) . In our study, the explanatory variables that shape the structure of naiad communities are a mix of categorical, ordinal and continuous variables, expressing geographical, ecological and human pressure features. Explaining the structure of Unionidae communities needs a multi-factor approach.
The regression analysis supports the significant increase of both H-index in a linear model, and the number of species in an asymmetrical unimodal model, with the decrease in altitude. In a longitudinal profile, the first species to inhabit sectors of highland is U. crassus, accompanied at lower altitudes by A. anatina. In highlands U. crassus is able to inhabit the whole riverbed. This species may populate the whole length of the rivers, but is outnumbered by other species at lower altitudes. U. crassus was rarely found even in the Danube Delta and, during this study, in the Mȃcin branch of the Danube at 3 m altitude (ST 3, Tables 1 and 2 ).
In the ordination space U. crassus and A. anatina were situated in direct and strong correlation with the altitude and flow gradients, U. pictorum and A. cygnea have intermediate demands, while U. tumidus and P. complanata inhabited mostly lowland habitats (Tables 1, 2; Fig. 2) . We have never found the last two species in the waters of Transylvania, a highland area surrounded by the Carpathians, but only in the lowland areas around this region, and especially in the Danube. P. complanata is present in slow-flowing water, as mentioned also by other sources (Lopes-Lima et al., 2017) , while U. tumidus inhabits a range of lowland habitats, both lotic and lentic; it is also the most characteristic and abundant species in the lower sector of the Danube River and its branches, including the Danube Delta. U. pictorum is characteristic of the middle sectors of larger rivers, whereas A. cygnea has similar requirements but can inhabit a wider range of habitats and especially slow-flowing to stagnant waters, both in highlands and in lowlands.
Different zonation systems of the rivers according to the naiad distribution along the longitudinal profile of a river have been supported also by other studies (Mouthon, 1998; Sîrbu et al., 2006; Telcean et al., 2015) . Sárkány-Kiss (2003) proposed a zonation system that differentiates seven levels, each based on the distribution of one unionid species, in the following descending order: U. crassus, A. anatina, U. pictorum, U. tumidus, A. cygnea, P. complanata and S. woodiana. Except for S. woodiana, which was still inhabiting only the lower river reaches being at the beginning of its invasion during his research, and A. cygnea, which can hardly be considered to have a level of its own in a lotic ecosystem, this zonation is in accordance with our results (Fig. 2) . Mouthon (1998) ascribed all naiads to the eighth (potamon) of his nine levels (malacotypes in original) based on their maximum frequency and abundance, but he mentioned that U. crassus appears already in the fourth level (rhithron), followed by Anodonta spp. (A. anatina and A. cygnea were considered together) and U. pictorum, then Pseudanodonta and finally, U. tumidus.
The resemblance of these three longitudinal zonation models suggests that ecological demands of naiad species are relatively constant in time and relatively similar in space.
Lowland habitats with slow-flowing waters, especially in the Danube River and its branches and delta, with intermediate fine sediments (especially sand and silt) and low human impact are sheltering the most diverse naiad communities (Fig. 3) , similarly to western Europe, where molluscs are also most diversified in lower reaches of rivers (Mouthon, 1998) . Unexpectedly, the Danube River habitats have the highest degree of naturalness, although they are situated in the lowlands. This is due to the much greater flow of the Danube compared to other rivers, enabling a better self-purification of the water system. In addition, along the lower Danube are several protected areas, of which the Danube Delta Biosphere Reserve and the Small Wetland Nature Park of Brȃila are the most important. Even as they face many environmental issues, these protected areas provide high quality habitats. Our results concerning the distribution of naiads along the Danube river are consistent with those published by Tomovic et al. (2014) .
At high levels of human impact the altered freshwater habitats were devoid of naiad species or had only S. woodiana present. At the lowest levels between one and-exceptionally-four species can be found, while the highest number was registered at intermediate values of the human impact. The causes are complex: low impact is characteristic only in few cases, mostly at higher elevations or within gorges, where the naiad diversity is also low. A moderate human impact is tolerated by some species and is characteristic mostly for lower sectors, where the communities are richer. An increased impact along rivers at higher altitudes affects especially U. crassus and A. anatina, while in lowlands, in slow-flowing waters, P. complanata. These inferences are in accordance with our field observations made during the last 20 years: while the debasement and pollution of highland rivers have caused local or regional extinctions of U. crassus and A. anatina, in the lowlands P. complanata is the most prone to extinction when conditions worsen, being also the rarest species (and underevaluated, according to Sîrbu et al., 2006) among all bivalves. The high sensitivity to pollution and habitat degradation of U. crassus and P. complanata is well known (Mouthon, 1996; Sár-kány-Kiss, 1997; Sîrbu et al., 2006) .
Sinanodonta woodiana is the one naiad species most directly and strongly correlated with present and past human impact. Its tolerance of and adaptability to a wide range of environmental conditions also explain its broad distributional success. S. woodiana was first discovered in Europe in 1979 in Romanian fish ponds (Sárkány-Kiss, 1997), where it was brought as glochidia with the fish introduced from Asia in 1960 and 1962. Since then S. woodiana has spread along the freshwaters in most parts of Romania and Europe. Documented cases show that after an acute human impact (e.g. pollution of Barcȃu River or in Cȃlimȃneşti Reservoir on Siret River-ST 8, Fig. 4 ) it was the first and sometimes the only colonising naiad species. In the last remnants of the thermal Peţea Lake (ST 25), S. woodiana was the only mollusc still able to survive (Sîrbu & Benedek, 2016) . Even before the shrinking of the habitat caused by drilling and overexploitation of the thermal aquifer, S. woodiana was the single bivalve able to inhabit the warm water of this habitat . The expansion and increased abundance of S. woodiana is one of the characteristic changes in unionid communities in Romania and probably also in other areas in central Europe. In spring 2015, it was found in the Tocile Creek (ST 14) and this was the first record in the middle Olt River Basin, a new area of expansion (Fig. 4) . Previously, S. woodiana was known in Transylvania only from a few sites in the middle Mureş River Basin, in some small and scattered fishponds. S. woodiana ingressed also into the Someş river after 1996, when it was absent at Ardusat (ST 23). By this expansion, all the major rivers originating from Transylvania (Mureş, Someş and Olt) were colonised by this species, first in their lower courses, and then (especially during the last 5-10 years) in their middle sectors, where it still displays a discontinuous or scattered distribution. In the two sampling stations on Timiş River (ST 32 and ST 34), S. woodiana presents an interesting invasive behaviour within the community (Fig. 4) . The comparison of the two community compositions from 2002 and 2011 shows that as U. crassus became more abundant, the fewer S. woodiana became heavier (Sîrbu & Sîrbu, 2013) , consolidating its biomass dominance within the community. This fact might suggest a new phase in the colonisation strategy of this invasive species, a switch from the former r-selected invasive level (in 2002 there were many young individuals), towards a K-selection trend of population dynamics.
The question of whether some changes in the naiad species composition have occurred during the last two decades is answered by the significant drop in the Shannon-Wiener index during this interval. The climate changes (in recent years especially drought and the resultant low water levels in rivers), the economic collapse of the former centralised heavy industry responsible for the acute pollution, replaced by a diffuse network of complex and diffuse sources of pollutants, the invasion of alien species, the pressure of hydrotechnical constructions and ballast excavation are among the causes for the often dramatic changes in the naiad communities.
In the north-western part of Romania (Criş rivers basin), the changes during the last two decades are highly contrasting (Fig. 4) . In ST 20 (Crişul Alb River at Chişineu-Criş), the rich assemblage in some places extends across the whole riverbed. Nearby, the Crişul Negru River flows almost parallel, both rivers sharing about the same hydrological and morphometric parameters. In 2002, both sites on these rivers sheltered similar diverse and highly abundant naiad communities. Less than two decades later, in 2015, naiads were literally wiped out from lower sector of the Crişul Negru River, while in similar habitat in the Crişul Alb, a diverse and abundant community of unionids still remained. This drastic change was associated with the presence of C. fluminea, which represented the main difference between the two neighbouring sites: in the Crişul Negru, the river bottom was covered by C. fluminea, especially close to the riverbanks, in stable sandy substratum, but it was still absent in the Crişul Alb. Whether the invasion of C. fluminea caused the disappearance of the naiads from Crişul Negru, is debatable. However, it is impossible not to connect the annihilation of the former naiad assemblage with the presence of C. fluminea, when in the closely situated site on Crişul Alb its absence is obvious and unionids still form a dense and diverse community. Vaughn & Spooner (2006) claim that Corbicula invades habitats where native unionids are already declining due to other factors and does not develop abundant populations in sites where densities of adult unionids are high. In the lower Mureş and along the lower Danube, especially its branches, C. fluminea does coexist with the native naiads, seemingly without any strife. However, in the narrow and closely embanked (channel-like) Crişul Negru River, the suitable habitats (deposits of fine but more stable sediments along the banks) are scarce and subject to floods and other disturbances (the Criş rivers, due to embankments and dams have no floodplains left). These conditions may favour C. fluminea and confer it certain advantages over the native naiads, possibly expressed by uneven habitat resource exploitation. In many instances, freshwater mussels are likely to be exposed to multiple stressors, such as pollution, invasive species and climate change at the same time (Lopes-Lima et al., 2017) , raising the risk of population declines. There is evidence that C. fluminea has a significant advantage over some native species when exposed to a certain degree of pollution, because it is less sensitive due to certain behavioural and physiological features (Oliveira et al., 2015) . The question concerning the relation between C. fluminea and the decline of native naiads will be answered most likely in the near future, when this invasive species will surely arrive in the Crişul Alb River as well. Monitoring these sectors will provide an insight into the effects of C. fluminea on the native naiad assemblages.
Concerning the invasive species, two other bivalves have to be mentioned: Dreissena polymorpha (Pallas, 1771) also called the zebra mussel and Dreissena rostriformis bugensis (Andrusov, 1897), the quagga mussel. The zebra mussel is native to the inferior Danube River and some lagoons connected to the Black Sea, but it is considered a recent native invasive species since it has colonised during the last decades also other freshwaters in Romania (Popa & Popa, 2006) . Beginning with 2009, it has been found also in the central part of the country, in the middle Olt River Basin, Transylvania (Sîrbu et al., unpublished data) . The quagga mussel has been first reported from the Danube River at Cernavodȃ in 2003 (Micu & Telembici, 2004) and it was subject to further research by Popa & Popa (2006) . In present it is one of the most abundant species in the benthic communities from the Iron Gate Nature Park sector of the Danube (Sîrbu et al., unpublished data) . The impact of these two species on the unionids from Romania is still largely unknown.
Not all changes are negative in trend and outcome. The best example of the capacity of self-cleaning and resilience is the case of the Mureş River, the best studied Romanian river concerning unionids. Since the 1970s, a series of researches on molluscs has been conducted especially in the sectors downstream from the former heavy industry plants and locations of mining-related activities that caused severe damage and pollution to the waters and bottom deposits. Because the lower sector of the river had sheltered rich naiad communities that were seriously affected by the degradation of the river, we paid special attention to the present-day status of the communities along its inferior reach. Up to the late 1970s, the naiads inhabited almost the whole course of the river and in the lowest sector all species except A. anatina were found, with P. complanata being the least abundant (Sárkány-Kiss, 1995 , 1997 . Due to heavy industrialisation in the 1980s, the river was poisoned from several different sources, especially along its middle sector, and thus naiads have been declared extirpated from about 420 km by 1991 (Sárkány-Kiss, 1995) . After the political changes in 1989, the Romanian economy faced a collapse during the first transition period, similar to other East European countries (Knight & Staneva, 2002) , so by 1999-2000 the ecological status of the Mureş River had been already changing, as the physical and chemical parameters of the river were improving and some naiad species had reappeared in the formerly destroyed and polluted sectors . But repopulation was an uneven process and rarely undertaken by the original set of species. The middle course was repopulated downstream mainly by A. anatina and U. pictorum. U. crassus was still mostly absent in the formerly degraded sector, and no P. complanata was recorded. The species composition of the newly established community was determined by chance events, related to the presence and survival of some population remnants in or close to the river, which acted as repopulation sources. In the same period, the lower Mureş course started to be colonised by Anodonta sp. and S. woodiana (idem). In order to evaluate changing water quality trends in the Mureş River, we examined published results from different studies. In 1991 Waijandt (1995) found loads of 80.9 mg/kg Cu, 140 mg/kg Pb and 56.1 mg/kg Cr in the sediments of the lower sector, at Pecica (ST18 in Tables 1, 2 ). An ecological assessment conducted in 1999-2000 revealed a drop to less than a half of the copper concentration and to about a quarter of the lead concentration in the bottom deposits (Sárkány-Kiss et al., 2012) .
In July 2015 in the Lower Mureş Floodplain Nature Park (ST 18), we witnessed a new and encouraging situation, namely a newly established naiad assemblage consisting of five species. The most abundant was U. crassus (RA almost 82%) and P. complanata was also present. Although U. crassus has the highest demands for elevation and flow, the hydrological and substrate characteristics of its habitats are broader than once believed. Streams with low water flow and soft substrate are also suitable habitats (Stoeckl & Geist, 2016) ; it was found not only in the lower Mureş but also along the Mȃcin Branch (ST 3) of the Danube (Table 2 ). In order to understand recolonisation patterns, the fish species carrying glochidia also need to be studied, because information about host suitability is a prerequisite for a comprehensive understanding of the colonisation processes, and detailed knowledge about host-specificity is crucial for the development of their effective conservation and management strategies (Taeubert et al., 2013) . At present, no glochidia data are available from Romania. The recovery of naiad communities and the renewed abundance of U. crassus in the Mureş and other rivers could be explained also by the fact that, compared to other species, it has a higher tolerance to poor substrate quality, a higher dispersal ability and greater success in infestation of many host fish species, and thus a higher number and diversity of suitable habitats (Denic et al., 2014) .
In contrast, the lower Siret River (Moldova region) still lacks naiads in the lower reach, although pollution has decreased and in its middle sector an abundant U. crassus population is present. The causes are most likely linked to the row of reservoirs and dams in its middle sector that hinders the movement of fish that carry glochidia, from upstream. However, this can be only partially the explanation, because theoretically recolonisation could occur from the Danube by fish migrating upstream in the Siret. This is also not happening, perhaps because the lowland naiads confined to Danube habitats are not tolerant to the habitat filter of more rapid flow and coarse substratum of the lower Siret. Another possible cause is the physical destruction of the Siret riverbed caused by extensive gravel excavation, which largely destroys the riverscape and its suitable riverbed habitats. Because of these activities, huge amounts of sediments are discharged and flushed downstream. Habitat loss, fragmentation and degradation of rivers are major concerns not only in Romania, but in the whole of Europe (Geist, 2014; Lopes-Lima et al., 2017) . Recolonisation of the lower Mureş River might have happened also by means of the ditches and channels sheltering source populations, as these human-made habitats sometimes represent a possible shelter for freshwater mollusc species (Gómez & Araujo, 2008) . Ditches and canals are numerous in the Western Plain, but scarce in the east, such as in the Siret River basin.
Comparing the natural restoration of the lower Mureş River with the constraints that hinder the natural restoration in the lower Siret River, we can think of a new term to characterise the ability of a river to recover its functions, at least partially. The newly established bivalve assemblages including non-native species (such as S. woodiana and C. fluminea along the lower Mureş and the Timiş) share some features with the former autochthonous communities, being different in other respects. The concept of ecological reliability could be defined as a measure of the capacity of an ecological system to maintain or to recover its functions when exposed to perturbing factors, or after such a perturbation has altered its functional responses (Sîrbu, unpublished data) . In this approach, if a river regains (at least partially) its former functional capacity, even though the newly established communities are different than before in terms of species composition and ecological parameters, the river can be considered as having a high value of ecological reliability, as in the example of the Mureş River. The lower Siret, on the other hand, has an extremely low or even null value of ecological reliability. A more comprehensive theory to sustain the idea of ecological reliability and the methods to objectively measure it remain to be elaborated. The development of this concept may enable the definition and measurement of thresholds where changes in environmental factors correspond to changes in ecological regimes of local processes or interactions that control response variables of interest, as stated by Power et al. (2013) . According to Power et al. (2013) , functionally significant regimes (such as species performances and interactions) change dramatically when food web or other ecosystem processes respond non-linearly to environmental variables, triggering dramatic state changes in the outcomes of interactions among these processes.
Conclusion
In the 35 sampling stations placed along geographical and ecological gradients in several watersheds and surveyed between 2011 and 2015, we found all the seven unionid species known to inhabit Romanian freshwaters. The highest frequency was recorded for the alien S. woodiana, found mostly in lowlands, followed by the strictly protected U. crassus, characteristic of and frequent in the highland lotic habitats.
The six native species form three pairs distinguished by dissimilar ecological requirements and positions in the ordination space. Different preferences and slightly differentiated adaptations and ecological niches may explain their abilities to inhabit a wide range of suitable habitats and to form and function within diverse communities.
When conditional term effects are considered, the factor that best explains the naiad species composition is represented by one of the four habitat categoriesthose sheltered by the Danube River and its branches. The other variables that have a significant effect are, in decreasing order of variance explained, flow, human impact and altitude. The most diverse communities are sheltered by the Danube River and its delta, confined to habitats with low velocity and reduced human pressure at low altitudes. Unionid diversity significantly decreases with the increase in human impact and altitude. Thus, the naiad communities are shaped by a complex of variables: category of habitat, anthropogenic pressure and different geographical and ecological factors. This multifactorial explanatory system is important not only for understanding the composition of naiad assemblages, but also for conservation and management purposes. Reduction in pollution caused by the collapse of the heavy industry is creating conditions for partially restoring the assemblages of native unionids. In some areas where species have undergone local or regional extinction, there is a continuous trend of colonisation and reestablishment of new communities during the last two decades. However, this trend is uneven: it can be traced along some rivers, such as the lower Mureş, but it is absent in others, such as the Siret lower reach. The positive effect of reduced heavy metal pollution in most Romanian watersheds is counterbalanced by other present (e.g. hydrotechnical constructions, ballast excavations) or emerging menaces, such as the invasive species and chronic drought. After analysing changes in naiad communities during the last two decades, we reject the hypothesis of status quo and admit a significant decrease in diversity. Future trends are most likely mixed: there are high hopes for some rivers, but the general ecological quality of the freshwaters has a downward trend. The freshwater conservation and management are currently facing new challenges, so new objectives and management tools, as well as effective community-based monitoring systems have to be implemented.
